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ABSTRACT
Sharp dips observed in the pulse profiles of three X-ray pulsars (GX 1+4,
RX J0812.4−3114 and A 0535+26) have previously been suggested to arise from
partial eclipses of the emission region by the accretion column occurring once each
rotation period. We present pulse-phase spectroscopy from Rossi X-ray Timing Ex-
plorer satellite observations of GX 1+4 and RX J0812.4−3114 which for the first time
confirms this interpretation. The dip phase corresponds to the closest approach of the
column axis to the line of sight, and the additional optical depth for photons escaping
from the column in this direction gives rise to both the decrease in flux and increase
in the fitted optical depth measured at this phase. Analysis of the arrival time of in-
dividual dips in GX 1+4 provides the first measurement of azimuthal wandering of a
neutron star accretion column. The column longitude varies stochastically with stan-
dard deviation 2–6◦ depending on the source luminosity. Measurements of the phase
width of the dip both from mean pulse profiles and individual eclipses demonstrates
that the dip width is proportional to the flux. The variation is consistent with that
expected if the azimuthal extent of the accretion column depends only upon the Kep-
lerian velocity at the inner disc radius, which varies as a consequence of the accretion
rate M˙ .
Key words: accretion — pulsars: individual (GX 1+4) — pulsars: individual
(RX J0812.4−3114) — scattering — X-rays: stars
1 INTRODUCTION
Binary X-ray pulsars are neutron stars which accrete stellar
material from a companion star (e.g. White, Nagase & Par-
mar 1995). The accretion flow is typically mediated through
an accretion disc and accretion columns delineated by the
magnetic field of the neutron star (B ∼ 1012 G at the sur-
face) which terminate at strongly-emitting regions near the
magnetic poles (e.g. Ghosh & Lamb 1979a,b). The plasma
flows along the columns from the inner edge of the accretion
disc, where the magnetic field begins to dominate the accre-
tion flow, to the magnetic poles (Fig. 1). The base of the
columns are expected to cover an arc-shaped region on the
neutron star surface as a consequence of the dipolar mag-
netic field and the limited set of magnetic field lines along
which accretion is energetically favourable. To date, observa-
tional verification of this scenario has not been possible due
to instrumental limitations and a lack of theoretical models
describing the anisotropy of X-ray emission from the col-
umn. Optical spectroscopic and polarimetric measurements
of accreting white dwarf stars in cataclysmic variables (e.g.
Warner 1995) provide corroboration, but such techniques are
not available for X-ray pulsars where the accretion columns
radiate in X-rays rather than the optical and UV bands.
In general there is little observational data available which
allow detailed studies of the dynamics of accretion flows.
Sharp (phase width ∆φ ≈ 0.1) dips are usually ob-
served in the pulse profiles of the X-ray pulsars A 0535+26,
RX J0812.4−3114 and GX 1+4. These dips have previ-
ously been attributed to interactions of the accretion col-
umn and the emission region (Cˇemeljic´ & Bulik 1998; Reig
& Roche 1999; Giles et al. 2000) although supporting ar-
guments have been scarce. A 0535+26 is observed only in
outburst, when the X-ray emission is modulated on a pe-
riod of Pspin ≈ 103.5 s (e.g. Negueruela et al. 2000). RX
J0812.4−3114, the X-ray counterpart to the B0-1 III-IV
star LS 992 was identified from cross-correlation of ROSAT
galactic plane survey data with SIMBADOB star catalogues
(Motch et al. 1997). Hourly flux variations, as well as X-ray
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Figure 1. Schematic showing the accretion geometry of X-ray
pulsars (not to scale). The accreting gas from the companion is
thought to form an accretion disc far from the neutron star, which
is disrupted at rA,disc due to the strong (dipolar) magnetic field.
Within this radius the accreting matter may only flow along the
magnetic field lines, forming two accretion columns terminating at
the magnetic poles. Thermal X-ray emission originates from the
shaded region at each pole and is Compton scattered by the ac-
cretion column plasma above it. Here the magnetic axis is aligned
relative to the neutron star rotation axis by β (the magnetic co-
latitude). The inclination angle i is such that at phase φ = 0.0
one of the accretion columns will be closely aligned with the line
of sight, giving rise to a partial ‘eclipse’ of the shaded emission
region by the accretion column.
pulsations at P ≈ 31.9 s were discovered during a Rossi X-
ray Timing Explorer (RXTE ) observation of the source on
1998 February (Reig & Roche 1999). The X-ray behaviour
of these Be/X-ray binaries is strongly dependent upon the
orbital parameters, and the neutron star spin periods Pspin
show a strong correlation with the orbital period Porb (Cor-
bet 1986). The ≈ 81 d periodicity suggested by RXTE All-
Sky Monitor (ASM) data obtained between 1998–1999 (Cor-
bet & Peele 2000) is consistent with this correlation and
probably represents the binary period. The distance was es-
timated at 9 kpc based on the companion spectral type and
interstellar reddening, with a likely uncertainty of 50 per
cent (Motch et al. 1997). The pulse profile from the source
is strongly asymmetric, with a sharp dip forming the pri-
mary minimum. The energy spectrum measured by RXTE
was fairly typical for X-ray pulsars, and could be adequately
fit using a power law model with exponential cutoff (Reig &
Roche 1999).
GX 1+4 is the most persistently bright of the three,
and posesses the slowest period. Measurements by RXTE
and the Burst and Transient Source Experiment (BATSE)
aboard the Compton Gamma-Ray Observatory (Zhang et al.
1995) between 1996–7 found Pspin = 123.5–125.5 s (Gal-
loway & Greenhill 2001, in preparation). The companion to
the X-ray source is the 17th magnitude M6 giant V2116
Ophiuchus (Davidsen, Malina & Bowyer 1977), the only
known symbiotic binary with a neutron star as the energy
source for the emission line nebula (Belczyn´ski et al. 2000).
Regular episodes of relatively rapid spin-up measured from
BATSE monitoring of the source suggest an orbital period
of ≈ 304 d (Pereira, Braga & Jablonski 1999). The distance
to the source is thought to be 3–15 kpc (Chakrabarty &
Roche 1997). Several estimates of the magnetic field strength
are in the range 2–3×1013 G (Beurle et al. 1984; Dotani
et al. 1989; Mony et al. 1991; Greenhill et al. 1993; Cui
1997). The dips in this extremely variable source are clearly
visible in the X-ray lightcurve when the source is bright
and the time resolution is sufficient, and are present in the
folded pulse profiles even when the luminosity falls almost
to the detection limit (Giles et al. 2000). When the source
is bright the dips are broad and generally do not reach zero,
while at lower luminosities they are narrower and emission
at the dip phase is consistent with the background level. The
phase-averaged X-ray spectra from the source are consistent
with an approximately thermal spectrum (with temperature
T0 ≈ 1.3 keV) modified by Compton scattering within hotter
material (Te = 6–10 keV) with characteristic optical depth
τ = 2–6 (Galloway 2000b). The thermal spectrum is thought
to arise from the region of the polar cap at the base of the
accretion column, with Compton scattering occurring in the
hotter plasma above.
2 OBSERVATIONS AND ANALYSIS
We undertook a detailed study of the phenomenology of dips
in GX 1+4, and to a lesser extent RX J0812.4−3114, using
archival RXTE satellite observations. Data were obtained
using the Proportional Counter Array (PCA; Jahoda et al.
1996), which is sensitive to X-ray photons in the energy band
2–60 keV. Six of the eight event analysers (EAs) aboard
RXTE are available for processing of events measured by
the PCA. Two EAs are dedicated to modes which are al-
ways present, ‘Standard-1’ and ‘Standard-2’. The Standard-
1 mode features 0.25-µs time resolution but only one spec-
tral channel, while Standard-2 offers 128 spectral channels
between 0–100 keV (the sensitivity above 60 keV is neg-
ligible) accumulated every 16 s. GoodXenon mode data,
which offers the maximum 256 channel spectral resolution
on 0.9537-µs time resolution, was available for most of
the observations. Analysis of RXTE data presented here
was carried out using lheasoft 5.0, released 23 February
2000 by the RXTE Guest Observer Facility (GOF). Spec-
tral response matrices were calculated for each observation
in order to correct for gain changes over the observation
period. A separate matrix was calculated for each of the
three PCA layers using pcarmf, and then summed using
addrmf; this was recommended by the PCA team as a
workaround to a minor bug in pcarmf which occurs when
calculating the response for all layers simultaneously (see
http://heasarc.gsfc.nasa.gov/docs/xte/xhp new.html#bug)
Observations of GX 1+4 were made in 35 separate in-
tervals between 1996 February and 1997 May, with a total
exposure time of 230 ks. For a detailed description of the
observations and data processing see Galloway (2000b). The
pulse period for each observation was determined through
folding 1 s lightcurves (with times corrected to the solar-
system barycentre) on a range of periods Ptrial close to the
expected value and calculating the resulting χ2. The most
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probable period was found from fitting the peak in the χ2
versus Ptrial plot using a gaussian, with errors determined
from equivalent analysis on 100 simulated lightcurves. Dur-
ing 1996–1997 GX 1+4 was found to be spinning down at a
relatively steady rate, and the pulse period increased from
123.6 s to 125.6 s in the year following 1996 February. The
periods measured by RXTE are consistent with those from
BATSE (Chakrabarty et al. 1997) except when the source
was very faint (e.g. 1996 September through November).
At these times the the BATSE estimates appear unreliable,
exhibiting (apparently) significant variations of ±0.5 s on
timescales of ≈ 10 d. The periods measured by Ptrial fold-
ing of RXTE data on the other hand increase monotonically
throughout this interval.
Two observations of RX J0812.4−3114 were made by
RXTE on 1998 February 1 and 3 and one on 1999 March 25.
The 1999 observation was scheduled at the expected time for
an outburst, which have occurred regularly on an ≈ 81 d pe-
riod since 1998 (Corbet & Peele 2000). The measured period
for RX J0812.4−3114 was P = 31.885623(9)±0.000007(5) s,
in excellent agreement with the value P = 31.8856±0.0001 s
obtained by Corbet & Peele (2000) for the same observation.
Previous spectral analyses for this source used a power-law
model with an exponential cutoff (Reig & Roche 1999; Cor-
bet & Peele 2000). Using the recently updated response ma-
trices and faint background models, the cutoff power law
model results in generally unacceptable fits, as do power law,
power law and blackbody, and broken (two index) power law.
Instead the best–fitting spectral model, as for the GX 1+4
observations, was the Comptonisation continuum compo-
nent of Titarchuk (1994). This analytic approximation is
implemented in xspec as ‘compTT’ and resulted in a maxi-
mum χ2ν = 1.5 for the 1999 March 25 observation. Spectral
fit parameters over the three observations were T0 = 1–
1.2 keV, Te = 5.2–6.4 keV and τ = 3.8–4.6. In contrast
to GX 1+4, no gaussian model component (representing Fe
line emission at 6.4–6.7 keV) is required for the spectral fits.
The neutral column density nH was typically consistent with
zero to within the 1σ uncertainties. The luminosity in the
2–60 keV energy range reached a maximum during the 1999
March 25 observation of (2.57 ± 0.33) × 1036 erg s−1 (for a
source distance of 9 kpc).
2.1 Pulse-phase spectroscopy
The GoodXenon mode data from the 1999 March 25 RXTE
observation of RX J0812.4−3114 and selected observations
of GX 1+4 were divided into 10 equal phase bins, and a
spectrum obtained for each phase range. For GX 1+4 the
observations on 1996 February 17 and June 8 were chosen
for their similar fitted values of nH to minimise any potential
effects due to variation in this parameter. Additionally, they
represent examples of the two apparently distinct groups of
GX 1+4 spectra. When LX >∼ 2 × 10
37 erg s−1 (2–60 keV,
assuming a source distance of 10 kpc), τ = 4–6 and Te =
6–9 keV typically, while at lower LX τ ≈ 3 and Te = 7–
14 keV (Galloway 2000b). The 1996 February 17 observation
corresponds to the former case, with LX = (8.5 ± 3.3) ×
1037 erg s−1, τ = 5.6± 0.1 and Te = 8.1± 0.1 keV, while on
1996 June 8 LX = (1.33 ± 0.54) × 10
37 erg s−1, τ = 2.5+0.5
−1.1
and Te = 13.6
+5.1
−2.6 keV (1σ confidence limits). The measured
pulse periods during the two observations were 123.6368(1)±
0.0003(8) and 124.1677(0) ± 0.0005(6) s respectively. The
ephemeris was chosen so that the primary minimum falls
at phase 0.0, with the first bin centred there. Each of the
10 spectra were then fitted with a model identical to that
used for the phase averaged spectra, with a Comptonisation
component (‘compTT’) and a gaussian component (in the case
of GX 1+4) both attenuated by neutral interstellar material.
The greatest spectral variation with phase is typically
observed close to the primary minimum (Fig. 2). For the
1996 February 17 observation of GX 1+4, the source spec-
trum temperature T0 is generally quite consistent with the
phase-averaged value, except at phase φ = 0.0 where it drops
to ≈ 0.75 keV. The scattering plasma temperature is also
lower at φ = 0.0 as well as the two adjacent bins, by at
most ≈ 20 per cent (a 7.5σ deviation from the phase- av-
eraged value). The optical depth τ exhibits a dramatic in-
crease at the phase of primary minimum, from around 5.6
for the phase-averaged spectrum to more than 10 (4.7σ).
The compTT normalisation (not shown) exhibits the greatest
variation of all the parameters, and traces the pulse pro-
file quite well. The 1σ confidence limits on the parameters
were generally small except at φ = 0.0. The spectral vari-
ation was symmetric about the primary minimum, as was
the pulse profile. The column density nH was ≈ 60% greater
than the phase-averaged spectral value around φ = 0.0 (Fig.
3), but at a significance level of less than 2σ. Variation in
the Fe line component parameters was no greater than 1.5σ
with respect to the phase-averaged values over the entire
phase range.
The phase variation of spectral fit parameters for the
1996 June 8 observation (not shown) was less significant
due to the lower countrate and the wider confidence limits
that result. Since the gaussian component parameters were
shown to exhibit no significant variation with phase when
the source was much brighter, for this analysis they were
fixed to values found for the phase-averaged spectrum. Re-
liable limits on the plasma temperature Te could only be
determined for phases φ = 0.0 and 0.1; in the other phase
bins the value was instead frozen at the value obtained for
the phase-averaged spectrum. The optical depth was greater
compared to the phase-averaged level in the phase bins cen-
tred on φ = 0.0 and 0.1. While the maximum enhancement
is ≈ 70% the significance is only 1.5σ at best.
Also suffering from a much lower phase-averaged coun-
trate, spectral fitting for the data from RX J0812.4−3114
was substantially more difficult. With all parameters free to
vary, the fit values of T0 and nH were poorly constrained,
and reliable confidence limits could not be obtained. Follow-
ing the approach of Galloway et al. (2000), we fixed (‘froze’)
these two parameters at the values determined for the phase-
averaged spectra, and re-fit the pulse phase spectra. The
phase bins centred on φ = 0.0 and 0.1 again show evidence
for reduced Te and enhanced τ (Fig. 4), although at a sig-
nificance level of only marginally greater than 1σ. While
the increase in τ coincident with the primary minimum for
the latter two observations is not significant, note that the
dip is much narrower (particularly for RX J0812.4−3114)
than in the 1996 February 17 observation of GX 1+4. Thus
the phase bin centered on the primary minimum also cov-
ers the dip ingress and egress, and emission during those
intervals will tend to dominate the spectrum due to the in-
creased countrate. We suggest that a spectrum taken over
c© 2000 RAS, MNRAS 000, 1–7
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Figure 2. Comptonisation component fit parameters versus
pulse phase for the 1996 February 17 RXTE observation of
GX 1+4. The pulse period used is P = 123.63681 s; the ephemeris
is defined arbitrarily such that the dip in the pulse profile falls
at phase 0.0. From top to bottom, the panels shows the source
spectrum temperature T0, scattering plasma temperature Te and
optical depth τ and the integrated pulse profile in 2–7 and 7–
20 keV energy bands respectively. Fitted parameter values for
the phase-averaged spectra covering the same interval are shown
by the solid lines; error bars and the dotted lines show the 1σ
confidence intervals. Two full pulse periods are shown for clarity.
The total observing time was 10400 s.
the phases covering only the bottom of the dip may exhibit
a much higher τ , although RXTE does not provide sufficient
sensitivity in the present observations to confirm this.
2.2 Dip profile measurements in GX 1+4
At moderate countrates the individual dips forming the pri-
mary minimum are usually well defined in the 1 s binned
lightcurves from GX 1+4. With the exception of the observa-
tions with very low countrates (where individual dips could
not be unambiguously located), we measured the dip phase
variations by calculating the arrival time residuals ∆td,i for
the dip from each cycle i. The expected arrival time is cal-
culated from the mean period for the observation and the
ephemeris (used to locate the first observed dip). The actual
arrival time is estimated from fitting a parabolic profile to
the lightcurve in a 16 s window surrounding the predicted
n
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Figure 3. Additional spectral model fit parameters versus
pulse phase for the 1996 February 17 RXTE observation of
GX 1+4. From top to bottom, the panels shows the neutral
column density nH (in units of 10
22 cm−2), Fe line component
centre energy EFe, width σFe and normalisation AFe (units of
10−3 photons cm−2 s−1 keV−1) and the pulse profiles in the 2–7
and 7–20 keV energy bands. Other details are as for Fig. 2.
arrival time; the arrival time residual is the difference of the
two. For the 1996 February 17 observation |∆td,i| is typically
∼ 2 s and may be as much as 4 s (Fig. 5a). Visual inspection
of the individual fits confirms that the arrival time errors are
genuine and not simply an artefact of poor fits to the dip pro-
files (for example). The residuals do not appear to exhibit
any periodic or quasiperiodic variation with cycle number
(time). A search for periodic signals using the Lomb-Scargle
periodgram (Press et al. 1996) over all residuals for each of
the observations on which the analysis was performed did
not result in any significant detections. The most significant
peaks were found for low frequency signals in the longest ob-
servations, but these detections are most likely aliasing re-
lated to observation interruptions due to earth occultations
once every 90 min satellite orbit. The standard deviation
of the dip residuals σ(∆td,i) was found to vary significantly
with the mean flux. Above LX ≈ 4×10
37 erg s−1 (2–60 keV,
assuming a source distance of 10 kpc) σ(∆td,i) varies be-
tween 1.4–1.9 s, whereas below that level is <∼ 1.3 s and may
be as low as 0.7 s.
The dip phase width wd was measured from the mean
pulse profiles at a countrate level midway between the mini-
c© 2000 RAS, MNRAS 000, 1–7
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Figure 4. Spectral model fitting parameters versus pulse phase
for the 1999 March 25 RXTE observation of RX J0812.4−3114.
Phase selection was undertaken using a period P = 31.8856239 s,
with ephemeris chosen arbitrarily so that the primary minimum
falls at φ = 0.0. From top to bottom, the panels shows the scatter-
ing plasma temperature Te, optical depth for scattering τ , nor-
malisation AC (in units of 10
−2 photons cm−2 s−1 keV−1) and
the pulse profile in 2–7 and 7–20 keV energy bands respectively.
Fitted parameter values for the phase-averaged spectra covering
the same interval are shown by the solid lines; error bars and
the dotted lines show the 1σ confidence intervals. Two full pulse
periods are shown for clarity.
mum and the mean level in the phase range 0.8–0.9 and 0.1–
0.2. While wd varied significantly with LX (Fig. 5b, open
circles), the dip phase variation described above must ac-
count for some if not all of this dependency. Thus an equiv-
alent measure was made using the width parameter from
the parabolic fitting divided by the mean countrate over the
fitting window, averaged over each observation. While this
measurement could not be made over the entire flux range,
the resulting dip width does indeed show less variation with
LX (Fig. 5b, filled circles) and in particular was substan-
tially lower at the highest luminosity, where the dip arrival
time residuals are greatest.
3 DISCUSSION
RX J0812.4−3114 provides another example of an X-ray pul-
sar after GX 1+4 whose mean spectra are broadly consistent
(s)
t
∆
d
w
d
L Xlog (      )
Cycle number
a)
b)
Figure 5. Dip analysis results from GX 1+4. a) Typical dip
arrival time residuals ∆td,i plotted against cycle number i for
RXTE observations of GX 1+4 on 1996 February 17. The ∆td,i
from each cycle is the difference between the expected dip ar-
rival time (based on the mean pulse period measured over the
entire observation) and the observed time from fitting a parabola
to the lightcurve in a 16 s window centred on each dip. Miss-
ing cycles are a consequence of occultations of the source by the
Earth and passages of the satellite through the South Atlantic
Anomaly (SAA). b) Dip width wd from 35 separate RXTE ob-
servations of GX 1+4 between 1996 February and 1997 May and
comparison with the theoretical relationship. The dip width cal-
culated from the mean pulse profile is plotted as open circles,
while the averaged calculated from individual dip widths is plot-
ted as filled circles. The x-axis is the log of the 2–60 keV flux
in erg s−1, assuming a source distance d = 10 kpc. The actual
distance is thought to be 3–15 kpc (Chakrabarty & Roche 1997).
The dashed line represents the theoretical calculation (equation
2). Error bars represent the 1σ uncertainties.
with Comptonisation continuum components. In contrast to
GX 1+4, the properties of this source are probably typical of
many others, since Be/X-ray binaries make up a significant
proportion of all known X-ray pulsars. The phase-averaged
spectral fit parameters fall within the ranges expected for
neutron star accretors (Galloway 2000b). We suggest that
Comptonisation continuum components are excellent candi-
dates for fits to spectra from X-ray pulsars.
The sharp dip in the pulse profiles is clearly associated
with an increase in the scattering optical depth τ both for
GX 1+4 (at distinctly different fluxes and phase-averaged
c© 2000 RAS, MNRAS 000, 1–7
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spectral conditions) and also for RX J0812.4−3114. It is
true that the estimated significance is only convincing for
the brightest observation of GX 1+4. We note however that
the confidence interval limits for the pulse phase spectral
fit parameters were determined by projecting the full p-
dimensional confidence region (where p is the number of
free parameters in the model) onto the axis corresponding
to each parameter. This provides a conservative estimate of
the confidence intervals for individual parameters (Lamp-
ton, Margon & Bowyer 1976) and so the true significance of
the spectral variation may be much greater.
Variation in τ with pulse phase is possible if the scatter-
ing region lacks rotational symmetry, e.g. is extended in one
direction preferentially. In that case the maximum possible
optical depth will be obtained when the line of sight to the
observer coincides with the longest dimension of the scatter-
ing region. For the accretion column, the longest dimension
is clearly along the column axis. Thus, we identify the sharp
dips as ‘eclipses’ resulting from an approximate alignment
of the accretion column with the line of sight, occuring once
each rotation period (φ = 0.0 in Fig. 1). Absorption dips in
the orbital lightcurves of some polars, which are white dwarf
stars also accreting through a magnetically confined column
(e.g. RX J1802.1+1804; Greiner, Remillard & Motch 1998),
have previously been associated with a similar effect. The
spectral variation in the latter source during the eclipse sug-
gests a warm absorber, in good agreement with the results
described here.
Clearly such interactions require a fortuitous combina-
tion of the magnetic colatitude β (the angle between the
neutron star spin axis and the magnetic axis) and the incli-
nation angle i (between the spin axis and the line of sight).
Since the base of the accretion column is offset from the
magnetic pole, and the column meets the surface at an an-
gle with respect to the local normal, i must substantially
greater than β for eclipses to occur. The column orientation
also depends upon the inner disc radius rA,disc since this
defines which field lines connect the boundary region to the
neutron star. The small number of sources exhibiting such
eclipses (3 of more than 70 known pulsars) appears to be
consistent with the relative unlikelihood of such an agree-
ment; no reliable estimates of i and β have been made for
the three pulsars described which might rule out this possi-
bility.
While numerical simulations based on unmagnetized
Compton scattering in a simplified emission region support
this interpretation (Galloway & Wu 2001) it is important to
note that the strong magnetic field present in the accretion
column will significantly affect the scattering cross section
(Daugherty & Harding 1986). The cross section σ(ν, θ) will
depend on both the photon energy ν and the angle between
the propagation direction and the local magnetic field vec-
tor θ. For GX 1+4, the estimated magnetic field strength
implies an energy for the fundamental cyclotron resonance
of hνcyc >∼ 200 keV, much greater than the PCA energy
band. Thus for a particular photon energy, σν,θ will reach a
minimum for photons propagating along the magnetic field
lines (θ = 0). In the absence of anisotropies in the distribu-
tion of matter this would result in enhanced emission along
the magnetic axis. This effect will clearly compete with the
decrease in emission due to the additional optical depth ex-
perienced by photons propagating along the accretion col-
umn. However σν,θ reaches a minimum value (which depends
upon the magnetic field strength and the photon energy) for
photons propagating exactly along the magnetic field lines.
The increase in optical depth is instead limited only by the
geometry and the curvature of the accretion column. De-
spite magnetic anisotropy effects it should still be possible
to get a significant drop in emission due to accretion column
eclipses.
The observation of accretion column eclipses in GX 1+4
provides a unique opportunity to study accretion dynamics
under the influence of a strong magnetic field. The variabil-
ity in the observed phase of individual dips suggests that the
column is wandering stochastically in longitude by 2–6◦, de-
pending upon the source luminosity. It is possible that the
dip timing residuals are a consequence of variations in the
Pspin itself, although we consider this unlikely. Accreting ma-
terial typically posesses a large specific angular momentum
with respect to the neutron star, and in combination with
magnetic torques transmitted from the accretion disc via
the magnetic field may induce systematic period evolution
of more than 2 per cent per year. However the variations
seen in the RXTE observations are typically of the same or-
der in just one pulse period, and in addition there appears
to be no cumulative drift in the pulse period on time–scales
of tens of minutes or more as a consequence of the timing
residuals. The accretion column is delineated by the ‘bun-
dle’ of magnetic field lines which bound it, and it seems more
likely that the position of the column is varying perhaps as
a consequence of accretion along a varying set of field lines,
resulting in a change in its apparent position.
The dip phase width wd measured from both the mean
pulse profiles and the average of the individual dip fits from
each observation show a significant correlation with X-ray
luminosity LX. This parameter is a measure of the width of
the accretion column, which ultimately depends upon the
azimuthal extent of the accretion stream at the inner accre-
tion disc boundary (see Fig. 1). The detailed physics of this
boundary region are poorly understood, and so we assume
that the entrainment of disc material to the column takes
place at a rate which is independent of the plasma density in
the disc. The column will then be wider at higher M˙ due to
the increased velocity of disc plasma as the inner disc edge
moves closer to the neutron star. The inner disc radius is
determined by a balance of the magnetic stress and the ram
pressure
rA,disc ≈ 0.5× 2
−3/7µ4/7(GM∗)
−1/7M˙−2/7
= 2.4× 108B
4/7
12 M˙
−2/7
16 cm (1)
where µ is the magnetic dipole moment, B12 is the corre-
sponding surface magnetic field strength in units of 1012 G,
M∗ = 1.5 M⊙, R∗ = 10 km the mass and radius of the
neutron star and M˙ = M˙16 × 10
16 g s−1 the accretion rate
(Ghosh & Lamb 1979a,b). Assuming that the plasma in
the boundary region is still flowing tangentially at approxi-
mately the Keplerian velocity vK =
√
GM∗/r corresponding
to stable circular orbits, we have
wd ∝
vK
rA,disc
∝ L
3/7
X . (2)
The agreement between this relationship and the wd mea-
sured from the individual dips is encouraging (Fig. 5b), al-
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though the error bars on several points are large indicating
significant variation of dip width for individual observations.
We note that the dip width measured for
RX J0812.4−3114 on 1999 Mar 25 was wd ≈ 0.05, compara-
ble to that measured in GX 1+4 at similar luminosity levels.
If the conditions in the disc–magnetosphere boundary layer
are similar in both pulsars, and relative bolometric correc-
tions are negligible, this implies that the magnetic moments
are similar and that the field strength for RX J0812.4−3114
is also around 2–3×1013 G. That these two pulsars, both
with atypically strong magnetic fields, also posess an un-
usual alignment permitting accretion column eclipses seems
rather unlikely however.
Since the dips are associated with interactions with the
accretion column, they are expected to always be present so
long as substantial amounts of material are accreting (i.e.
M˙ 6= 0). The RXTE observations of GX 1+4 span more
than two orders of magnitude in LX, and dips were ob-
served in the mean pulse profiles of every observation ex-
cept one. During a short RXTE observation on 1997 May
17 , the dips were weak or absent in the lightcurve even
though the phase-averaged countrate from the source was
≈ 150 count s−1, still well above the background which is
typically 100 count s−1. The X-ray spectrum measured at
this time was unusually hard, with Compton scattering opti-
cal depth τ ≈ 19; the pulse-phase spectral variation was also
substantially different from that measured at other times
(Galloway 2000a). Both the disappearance of the dip and
the spectral measurements indicate a distinctly different ac-
cretion regime than is normal for this source, in which the
column is no longer present in the usual sense.
This work has revealed some important new phenom-
ena likely to be common to other X-ray pulsars. Further
observational and theoretical development appears promis-
ing, in particular where the unusual properties of sources
like GX 1+4 and RX J0812.4−3114 may be exploited. The
influence of the longitudinal variation in column position on
the net torque transmitted to the neutron star may be non-
negligible. This may affect the long-term period evolution in
persistent pulsars, which is generally rather poorly under-
stood (e.g. Bildsten et al. 1997). Measurements of the dip
(and hence column) profile may provide more detailed infor-
mation regarding the plasma uptake to the accretion column
at the inner disc radius. Finally, the suggestion of disruption
of the accretion column coupled with distinct spectral states
at high and low luminosities (Galloway 2000b) provides evi-
dence for significantly more complex flow dynamics than are
predicted by current theory.
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